Abstract -Demand side management is an important part of the smart grid for alleviating the uncertainty in renewable energy generation including such as wind power generation and photovoltaic generation. The nuclear accident caused by the 2011 Tohoku Earthquake forced a re-evaluation of the future power generation system in Japan. As a result, demand side management has become critical for future Japanese power systems with its large integration of renewable energy sources, and the evaluation of the impacts of this management is needed for planning purposes. This paper proposes a new energy system model that expands the function of MARKAL (Market Allocation) and considers the characteristics of the total power system in more detail. The relationship between demand side management and the future power generation mix was evaluated using energy system analysis as part of the proposed model. The electric water heaters and heat pump water heaters are conceived as the controllable loads in the demand side management.
Introduction
The nuclear accident caused by the 2011 Tohoku Earthquake had a major impact on energy policy in Japan. The accident prompted a re-evaluation of the country's future planning for power system generation. As a result, energy from nuclear power plants will likely be phased out and replaced with renewable energy sources, such as wind and photovoltaic power. Research has traditionally predicted the future power generation mix by selecting the optimal mix that minimizes the sum of the capital and operational costs, with a focus on the electric energy sector alone (which comprises only about 25% of all energy consumption in Japan). However, it is now essential that researchers consider all of the energy sectors as well as the balance between these sectors [1] .
Several recent studies have considered wind and photovoltaic power in generation planning [1] . However, only the controllable plants (e.g., nuclear, thermal, and hydro power plants) have generally been considered generation plants in planning efforts [2] . Uncontrollable generation sources for, say, wind and photovoltaic power could have negative impacts on existing power systems (e.g., by causing an imbalance between supply and demand, voltage fluctuations, and frequency fluctuations.) Stabilization technologies, such as power output forecasts for renewable energy sources and energy storage in battery systems must be applied to the power system controls or operations. The impacts of such technologies on generation planning have not been fully evaluated in previous studies, where objectives were mainly to show the installation potential of renewable energy sources.
Demand side management is one approach for alleviating the uncertainty in renewable energy generation and has gained attention as a key technology in the smart grid. Although demand side control and operation methods have been studied previously [3] , [4] , the impacts of demand side management on power generation planning have not been evaluated as extensively.
This paper proposes a new energy system model by expanding the function of MARKAL (Market Allocation) [5] and by considering power system control technologies including the demand side management in more detail. This model allows for the consideration of all energy sectors in power system generation planning in Japan. This paper also focuses on the controllability of electric water heating appliances (e.g., electric water heaters and heat pump water heaters) in demand side management. The relationship between demand side management and the future power generation mix is evaluated using the energy system
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analysis based on the proposed model.
Energy System Model
MARKAL
MARKAL was developed in an international cooperative project lead by the International Energy Agency (IEA) [5] .
It is an optimization model that considers all energy sectors and simulates the energy system as a network flow from the supply side to the demand side. MARKAL can describe the energy technologies in detail via their technical characteristics and can determine the multi-period composition of these technologies, including the final energy consumption and the electricity generation mix.
Power system control by both power plants and by the demand side must be considered in energy system analysis in order to consider the time change for the renewable energy output, the electricity demand, and the demand side management. This paper proposes a new energy system model which can analyze the relationship between demand side management and the future generation mix.
Indices and Parameters
The model contains parameters for analysis period index (T; 13 periods from 1990 to 2050 in 5 year intervals), climatic season (Z), and time period (Y). The parameter Z was comprised of a set of 9 patterns: weekdays, weekends, and special days (a week of light-loads) in the winter; weekdays, weekends, and special days (three days of heavy-loads) in the summer; and weekdays, weekends, and special days (a week of light-loads) in the spring/fall. The parameter Y included an hourly time series (i.e., 24 time periods in a day). 
Modeling Power System Control
The constraint equations related to the power system considered in MARKAL included the maximum generation output, the balance between supply and demand, the capacity usage, the reserve capacity on peak load, and the base load operation. MARKAL was intrinsically designed as an optimization model for multiple time periods and seasons. Therefore, the constraint equations for maximum generation output, the balance between supply and demand, and the capacity usage were used without changing in the proposed model.
The reserve capacity constraint equation was determined in the proposed model such that the reserve capacity during the peak-load time on a weekday in winter or on a special day in summer was greater than 5% of the electricity demand.
The load-following capability of the power plants was approximated in the base-load operation constraint equation in MARKAL by suppressing the output of the base power plants to a certain level. The proposed model approximated the load-following capability in more detail by considering the economic-load dispatching control (EDC) and the load frequency control (LFC).
The constraint equation for the rate of change of the power plant output is given by equation (1):
where ACTE (T, Z, Y, ELA) is the electricity generation of power plant ELA during time Y in season Z in period T; RCUP (ELA) is the upper limit of the increasing rate of ELA; RCDOWN (ELA) is the upper limit of the decreasing rate; and CAP (T, ELA) is the installed capacity of ELA in T.
The constraint equations for the upper limits of the LFC capacity are given by equations (2) and (3):
where LFC (T, Z, Y, ELA) is the LFC capacity of ELA during Y in Z in T; CLFC (ELA) is the proportion of the LFC capacity of ELA to the rated capacity; RPMIN (ELA) is the proportion of the minimum output of ELA to the rated capacity; and AF (ELA) is the availability factor of ELA.
Equation (4) indicates that the total LFC capacity must be more than a certain proportion of the total electricity demand:
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where EDM (T, Z, Y) is the total electricity demand during Y in Z in T; and RD is the proportion of the LFC capacity to the total electricity demand (set to 2% in this paper). The LFC capacity for the output fluctuation of renewable energy sources was not considered in this paper.
Electric Water Heating Appliances
Electric water heaters and heat pump water heaters were considered as electric water heating appliances in MARKAL. The proposed model assumed that these technologies have two operation patterns for heating water: a nighttime load pattern (operation in the nighttime), and a controllable load pattern (operation at any time). The heating period and the amount in the controllable load pattern were variables in the optimization problem that were determined by the problem's solution. The proposed model did not consider a pattern where operation was according to hot water demand on a moment-to-moment basis.
The total amount of hot water that would be demanded in a day was heated during the night in the nighttime load pattern. The electric power consumption and thermal output for heating were held constant for all time periods as shown in equation (5).
where, PNL (T, Z, Y', NL) is the appliance's electric power consumption in NL (i.e., the nighttime load pattern) during Y' (i.e., Y' represents Y in the nighttime.) in Z in T; CF (T, NL) is the capacity factor for NL in T; EFF (T, NL) is the efficiency of NL in T; and HW represents the hot water demand, which is a factor of the demand DM.
The heating period was changeable in the controllable load pattern as long as the total amount of heated water in a day was equal to the total hot water demand in a day. However, the maximum hot water heating amount in one hour was limited to 20% of the total amount in a day in this paper in order to prevent heating more water at a time than the rated output. Equation (6) is the constraint equation for the balance between the amount of heated water and the hot water demand:
where, PCL (T, Z, Y, CL) is the electric power consumption for appliance CL (i.e., controllable load pattern) during Y in Z in T.
In addition, this paper assumed that the electric water heating appliances would be able to operate in the controllable load pattern after 2020 but would operate during nighttime even in the controllable load pattern before 2020.
Analysis Assumption
Objective Function
Japanese energy system was analyzed in this paper. Generally, MARKAL can determine the total system cost, the amount of CO 2 emissions, or a combination of cost and emissions in an objective function [5] . This option was also included in the proposed model, with the objective function given by equation (7):
where, ESLOPE [JPY] is the composite function, which represents the trade-off between PRICE and ENVCO2 (T); PRICE [JPY] is the total system cost; and ENVCO2 (T) [t-CO2] is the amount of CO 2 emission in T. The second term on the right-hand side of the equation indicates the penalty for CO 2 emissions (i.e., the cost of the emissions). The PRICE and the emissions penalty were discounted in the objective function. Furthermore, α [JPY/t-CO 2 ] is the weight coefficient (a constant); N is the number of years in each period (i.e., 5 years = 1 period); and r is the discount rate (5%; equivalent to the PRICE discount rate).
Data used in the Energy System Analysis
As in the MARKAL analysis, the data pertaining to demand (e.g., transportation, cooling and heating, hot water demand, etc.) were based on the effective energy demands supplied by the energy devices (e.g., passenger car, rail, gas heater, oil heater, gas water heater, electric water heater, etc.). These data were determined by solving the optimization problem in the proposed model. Table 1 shows the energy demand scenario obtained from [6] . The parameter FR (Z, Y, DM) (i.e., the proportion of demand DM in time Y in season Z in a year) was determined over 24 time periods in 9 patterns (i.e., the 3 daily patterns in 3 seasons) according to [7] . The duration of daytime and nighttime values are defined in Table 2 . It was assumed that pumped storage power plants and battery energy storage systems generated/discharged during the day and pumped/charged at night. 1 shows the installation potential for nuclear power plants, wind power generation, and photovoltaic (PV) generation. It was assumed in the analysis that the capacity of nuclear power plants would be phased out in 40 years. The installation potential for wind and photovoltaic power was obtained from [8] and [9] , respectively ( Table 3) . The construction and maintenance cost through 2030 were obtained from [10] , while those after 2030 were calculated based on the decreasing rate applied to pre-2030 values in [10] . It was assumed that the generated output from wind was constant at the rated power output multiplied by the capacity factor. The output generated from photovoltaic sources was assumed to change with time supposing a sunny day and the daily generated energy from this source was equivalent to the integral of the rated power multiplied by the capacity factor in a day. The technical characteristics for the other technologies considered in the analysis are based on data in [11] .
The proposed model considered EDC and LFC from thermal and hydro power plants, which are described in Section 2. Table 4 shows the minimum output, the rate of change, and the LFC capacity for the thermal and hydro power plants as a percentage of the rated capacity [12] .
Results
The impact of the penalty coefficient of CO 2 emission was evaluated. The electric water heating appliances operate in the nighttime load pattern here. Fig. 2 shows the quantity of CO 2 emissions and the saturation characteristics. Results showed that the penalty coefficient α is changed from 0 to 30,000 JPY/t-CO 2 and that CO 2 emissions were lower at larger penalty coefficients. Fig. 3 shows the installed capacity of electric power facilities in 5-year increments from 2010 to 2050. Results indicated that the power generation capacity was smaller for coal-fired power plants but larger for gas-fired power plants and renewable (Fig. 3d ), but this capacity did not change in Fig. 3(c) . The difference occurred because non-residential photovoltaic generation was installed in Fig. 3(d) (i.e., this power generation became cost competitive when α was set to 30,000 JPY/t-CO 2 ), but was not installed in Fig. 3(c) . Figs. 4 and 5 show the daily generation and load curves as stacked bars for weekends in the spring/fall of 2050. Here, α was assumed to be 30,000 JPY/t-CO 2 . The oil-fired power plants were operating during the peak-load time period in Fig. 4 . The electric water heating appliances were operating during the night in Fig. 5 . In this way, the proposed model made it possible to obtain the hourly time change for the power plant outputs and loads by type after solving the optimization problem.
The impact of demand side management by use of the electric water heating appliances was also evaluated. Fig. 6 shows the daily load curves for two cases during weekends in the spring/fall of 2020 and 2050. The electric water heating appliances operated in the nighttime load pattern in Case 1 and in the controllable load pattern in Case 2, with α equal to 30,000 JPY/t-CO 2 in both cases. Total electricity demand and power consumption for the electric water heating appliances are plotted in Fig. 6. Fig. 7 shows the daily power generation curve in 2050 for Case 2. In Case 2, the electric water heating appliances operated at night for load leveling in 2020, when the installed capacity of photovoltaic generation was small. However, these appliances operated during the day in 2050. By comparing Fig. 6(b) and Fig. 7 , it was found that the electric water heating appliances operated while the output of photovoltaic generation was large in 2050 in Case 2. This pattern occurred because the efficient use of photovoltaic generation reduced the fuel cost of other power plants when the installed capacity of photovoltaic generation was large.
The relationship between load pattern and installed capacity of photovoltaic generation was considered. Fig. 8 shows the installed capacity of photovoltaic generation in 5-year increments from 2010 to 2050 (α = 20,000 or 30,000 JPY/t-CO 2 ). The installed capacity of photovoltaic generation based on the contribution of Case 2 was larger than that based on the Case 1 contributions from 2030 to 2045 in Fig. 8(a) and in 2030 and 2045 in Fig. 8(b) . The results indicate that the installation of photovoltaic generation technologies was enhanced by the electricity demand increase that occurred during the day when CO 2 emission reductions were expected. The installed capacity did not change after 2045 in the both cases (Fig. 8a) , because the installed capacity for the residential photovoltaic generation reached its upper limit, and non-residential photovoltaic generation was not cost competitive. This also explained why the installed capacity in Case 1 was equivalent to that of Case 2 from 2035 to 2040 (Fig. 8b) . The same capacity was installed under both cases in 2050 (Fig. 8b) because the installed capacity of both residential and non-residential photovoltaic generation reached their upper limits. 
Conclusion
A new energy system model is proposed in this paper, which considers the power system controls that include EDC, LFC, and demand side management. The relationship between the electric water heating appliances' operational patterns and the future power generation mix was evaluated.
Results showed that power system generation planning can be greatly impacted by demand side management. In future research, we will evaluate the impacts of the operational patterns of other energy devices, such as batteries, and cogeneration on the energy system.
